Introduction {#S0001}
============

In total, \~50% of patients with colorectal cancer present with liver metastases during diagnosis or after treatment for the locoregional disease.[@CIT0001],[@CIT0002] Surgical resection remains the best choice of colorectal liver metastases (CRLM) treatment, and the reported 5-year survival rate is 30--50%.[@CIT0003],[@CIT0004] Nowadays, patients who receive chemotherapy before hepatectomy are common in the aim of conversion therapy or neoadjuvant chemotherapy to reduce possible recurrence.[@CIT0002],[@CIT0005] Therefore, making accurate preoperative evaluations of the impact of chemotherapy on liver reserve function and perioperative results are of great importance.

The indocyanine green retention rate at 15 min (ICG-R15) has been one of the most widely used quantitative liver function tests since the 2000s.[@CIT0006] After bolus ICG injection, the dye connects with plasma proteins, which is quickly taken by hepatocytes, and is ultimately excreted into bile. The abnormal structure or function of hepatic lobules may lead to a decrease in ICG clearance rate, which represents impaired liver reserve function.

The Makuuchi decision tree for hepatectomy based on ICG-R15 value contributes to improved surgical mortality in hepatocellular carcinoma patients.[@CIT0007] Liver cirrhosis is a permanent hepatic lobule change, and the ICG-R15 value may accurately predict the dysfunction in liver reserve.[@CIT0008] However, chemotherapy-related liver injury is a dynamic process, and whether ICG-R15 can predict the dysfunction of liver reserve in these patients remains controversial.[@CIT0009] The ICG test has been found to be helpful in identifying patients with damaged hepatic function following chemotherapy and may assist in the estimation of the postoperative risk of mortality.[@CIT0010] Another study showed that the increase in ICG-R15 is a predictor of complications after hepatectomy.[@CIT0011] However, no positive correlation between morbidity and the higher ICG-R15 values was identified in another study.[@CIT0012] So, the association between abnormal ICG-R15 findings and morbidity remains unclear.

Therefore, the present study aimed to compare the ICG-R15 values between patients with or without preoperative chemotherapy and investigate the perioperative outcomes of patients who had abnormal ICG-R15 values. The current study then aimed to identify factors related to abnormal ICG-R15 values in patients who were receiving preoperative chemotherapy, thereby evaluating the value of the ICG test in the assessment of the chemotherapy-related liver injury.

Materials and Methods {#S0002}
=====================

Subjects {#S0002-S2001}
--------

The data of a consecutive series of 218 cases (155 males, 63 females) with a median age of 58.5 years (range 26--78) who received liver resection in Peking University Cancer Hospital between January 2016 and December 2017 due to CRLM were retrospectively analyzed. The inclusion criteria were: i) resection of liver metastases was performed with curative intent; and ii) the patients completed the treatment. Cases who had a history of hepatic resection or underlying chronic liver disease, including hepatitis B or C virus infection or alcohol abuse, were excluded to minimize confounding factors. The requirement for ethics approval for this study was waived by the ethics committee of Beijing Cancer Hospital due to the retrospective nature of the study and no patients' privacy disclosure involved. This study was performed in accordance with the Declaration of Helsinki, and informed consent was signed by all patients for their data to be used for research purposes.

Preoperative Chemotherapy {#S0002-S2002}
-------------------------

Preoperative chemotherapy referred to any chemotherapy within 90 days prior to hepatic resection. Accordingly, 179 (82.1%) patients who received preoperative chemotherapy were included for further analysis. Systemic chemotherapy regimens were oxaliplatin- or irinotecan-based regimens either in combination with 5-fluorouracil and leucovorin or capecitabine. The chemotherapeutic dosage was decided in compliance with colorectal cancer guideline.[@CIT0013] Combined molecular-targeted agents (cetuximab or bevacizumab) may be used for patients with initially unresectable tumors or those with resectable tumors with a high recurrence risk. The chemotherapy regimen, cycle, lines and use of combination molecular-targeted agents were recorded.

Operative Technique {#S0002-S2003}
-------------------

Hepatic resection was usually performed 3--4 weeks after chemotherapy cessation. According to the tumor size, number and sites, a hepatic resection to different extents, for example, wedge resection, segmentectomy, sectoriectomy and hemihepatectomy, was performed. A non-anatomic resection strategy was preferred which was defined as the removal of the tumor with a margin of microscopically normal liver tissue without regard to hepatic anatomy. Major resection referred to the removal of three or more hepatic segments. Surgical complications were evaluated by the Clavien-Dindo classification.[@CIT0014] Severe complications were defined as those of Clavien-Dindo grade 3 or above. Combined radiofrequency ablation (RFA) may be applied in deep tumors so as to avoid excessive removal of the normal parenchymal tissues. The ablated tumors were ≤2 cm in diameter.

Measuring the ICG-R15 Levels {#S0002-S2004}
----------------------------

The ICG test was usually performed within 5 days before hepatic resection and ≥2 weeks from the time of the last chemotherapy. ICG-R15 was determined preoperatively in all patients with total bilirubin (TBil) levels \<50 μmol/l using a noninvasive densitometer (DDG-3300; Nihon Kohden Co.). An intravenous bolus of 0.5 mg/kg of ICG (Dianogreen; Yichuang Medicine Co. Ltd.) was injected into the antecubital vein within 30 sec. Blood ICG concentrations were monitored non-invasively via an optical probe attached to the patient's nose. The ICG-R15 was automatically calculated by drawing the decay curve of the ICG density.

Statistical Analysis {#S0002-S2005}
--------------------

Continuous variables were reported as the mean ± standard deviation. Student's *t*-test, Mann--Whitney *U*-test, Fisher's exact test or a *χ*^2^ test was used for intergroup comparisons when appropriate. Multivariate analysis was performed for significant variables. P\<0.05 was considered to indicate a statistically significant difference. All statistical calculations were performed with SPSS 25.0 (SPSS, Chicago, IL).

Results {#S0003}
=======

Comparison of All Patients with or Without Preoperative Chemotherapy {#S0003-S2001}
--------------------------------------------------------------------

A total of 218 patients who fulfilled the inclusion criteria were included in the study, of whom 179 received chemotherapy before hepatic resection and 39 did not receive chemotherapy. The patients' clinic characteristics are presented in [Table 1](#T0001){ref-type="table"}. There were no significant differences between the two groups revealed by prothrombin time (PT), prothrombin time activity (PTA), albumin (Alb) and TBil in the blood test. A significantly higher number of patients in the chemotherapy group had abnormal ICG-R15 compared with the no-chemotherapy group. The mean ICG-R15 value was also significantly higher in the chemotherapy group compared with the no-chemotherapy group.Table 1Basic Characteristics of All Patients Receiving Preoperative Chemotherapy or No Chemotherapy (n=218)CharacteristicsChemotherapy (n=179)No Chemotherapy (n=39)P-valueAge, years56.2±9.858.2±9.40.282Sex0.500 Male129 (72.1)26 (66.7) Female50 (27.9)13 (33.3)BMI24.9±3.124.7±2.80.667PT, sec11.4±0.911.6±0.90.082PTA, %105.0±18.5100.7±18.50.180Alb, g/L43.2±4.744.5±3.00.107TBil, μmol/l14.6±6.615.1±6.60.648ICG-R15 value7.4±7.04.3±2.80.007ICG-R15 \<10%148 (82.7)38 (97.4)0.018 \>10%31 (17.3)1 (2.6)[^1][^2]

Comparison Between Patients Receiving Chemotherapy with Normal and Abnormal ICG-R15 Values {#S0003-S2002}
------------------------------------------------------------------------------------------

A total of 179 patients who received preoperative chemotherapy were classified into the normal ICG-R15 (\<10%) and abnormal ICG-R15 (\>10%) groups. Patient- and chemotherapy-related factors were compared between the two groups ([Table 2](#T0002){ref-type="table"}). No significant differences in factors such as age, sex ratio, PT, PTA and Alb were found between the two groups. However, the proportion of obese patients \[body mass index (BMI) ≥28\] was higher in the abnormal ICG-R15 group compared with the normal ICG-R15 group. The mean TBil in the abnormal ICG-R15 group was higher compared with the normal ICG-R15 group. In chemotherapy-related factors, more patients in the abnormal ICG-R15 group had more than three cycles of chemotherapy (77.4%) compared with the normal ICG-R15 group (56.1%). The proportion of oxaliplatin used was significantly higher in the abnormal ICG-R15 group compared with the normal ICG-R15 group (P\<0.05). However, the chemotherapy lines and the use of molecular-targeted agents were not significantly different between the two groups. In the subgroup of patients who had received oxaliplatin, the proportion of bevacizumab used was not higher in the normal ICG-R15 group compared to the abnormal ICG-R15 group.Table 2Analysis of Clinical Factors in Groups with Normal and Abnormal ICG-R15 for Patients Who Received Preoperative Chemotherapy (n=179)CharacteristicsICG-R15 \<10% (n=148)ICG-R15 \>10% (n=31)P-valueAge, years56.0±10.257.9±8.50.325Sex0.094 Male102 (68.9)26 (83.9) Female46 (31.1)5 (16.1)BMI0.033 ≥2820 (13.5)9 (29.0) \<28128 (86.5)22 (71.0)PT, sec11.3±0.911.6±0.90.163PTA, %106.1±18.7100.4±16.80.118Alb, g/L43.3±5.042.8±2.70.639TBil, μmol/l14.1±6.516.7±6.80.042No. of chemotherapy cycles0.028 ≤365 (43.9)7 (22.6) \>383 (56.1)24 (77.4)No. of lines0.173 1117 (79.1)21 (67.7) \>131 (21.9)10 (32.3)Chemotherapy regimen0.039 Irinotecan45 (30.4)3 (9.7) Oxaliplatin68 (45.9)16 (51.6) Combined35 (23.7)12 (38.7)Molecular-targeted agents0.632 Yes102 (68.9)20 (64.5) No46 (31.1)11 (35.5)Oxaliplatin chemotherapy0.577 With bevacizumab39 (37.9)9 (32.1) Without bevacizumab64 (62.1)19 (67.9)Duration of chemotherapy cessation, days37.0±13.732.8±18.00.147[^3][^4]

Intraoperative Outcomes and Postoperative Morbidity {#S0003-S2003}
---------------------------------------------------

The intraoperative outcomes and postoperative morbidity are presented in [Table 3](#T0003){ref-type="table"}. In the abnormal ICG-R15 group, more patients had undergone minor hepatectomy compared with the normal ICG-R15 group (P=0.034). The proportions of minor liver resections including wedge resection, segmentectomy (or plus wedge resection), and sectoriectomy (or plus wedge resection) in the normal ICG-R15 group were 64.2% (65/107), 30.8% (33/107), and 8.4% (9/107), respectively, while those in the abnormal ICG-R15 group were 57.1% (16/28), 32.1% (9/28), and 10.7% (3/28), respectively (P \>0.05). In patients with multiple tumors in whom combination RFA was used in deeply situated tumors, there was no significant difference in the ratio between the couple groups. Moreover, there was no significant difference in mean blood loss between the couple groups.Table 3Comparisons of Intraoperative and Postoperative Characteristics in Patients with Abdominal and Normal ICG-R15 Value After Chemotherapy (n=179)CharacteristicsICG-R15 \<10% (n=148)ICG-R15 \>10% (n=31)P-valueIntraoperative OutcomesHepatectomy0.034 Minor107 (72.3)28 (90.3) Major41 (37.7)3 (9.7)Combined with RFA0.609 Yes41 (27.7)10 (32.3) No107 (72.3)21 (67.7)Blood loss, mL212±190240±2280.484Postoperative OutcomesAny complication0.072 Grade 0113 (76.4)24 (77.4) Grade 1--223 (15.5)7 (22.6) Grade 3--412 (8.1)0 (0)Severe complication0.131 Yes12 (6.8)0 (0) No136 (93.2)31 (100)[^5][^6]

The mortality rate was zero in both groups. Complications after hepatic resection were recorded according to the Clavien-Dindo classification ([Table 3](#T0003){ref-type="table"}). The overall incidence of complications was 23.6% and 22.6% in the normal and abnormal ICG-R15 groups, respectively, which was not significantly different. In total, 12 patients in the normal ICG-R15 group experienced severe complications (grade 3/4), including reoperation (n=1), transitory liver failure (n=5), ICU readmissions (n=2), intra-abdominal collection (n=2) and intrathoracic collection (n=2). No patients in the ICG-R15-abnormal group experienced severe complications, which was not significantly different compared with the opposite group. The patient- and treatment-related factors were compared in terms of overall complications and severe complications ([[Supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=252693.docx)]{.ul}).

To minimize the influence of the extent of hepatectomy on the results of the morbidity, patients with normal ICG-R15 value were next divided into a minor resection group and a major resection group. The incidence of overall complication and severe complication in the two groups was compared to patients with abnormal ICG-R15 value who underwent minor resection, respectively ([Figure 1](#F0001){ref-type="fig"}). Only three patients with abnormal ICG-R15 value underwent major resection, so the result in this group was not compared due to the limited number. The incidence of overall complication and severe complication was not significantly different in patients with abnormal ICG-R15 value and normal ICG-R15 value who underwent minor resection (P\>0.05). While in patients who underwent major resection with normal ICG-R15 value, the incidence of severe complication was 17.1%, which was significantly higher than patients with abnormal ICG-R15 value who underwent minor resection (P\<0.05).Figure 1Patients with normal ICG-R15 value were divided into a minor resection group and a major resection group. Results of (**A**) overall complication and (**B**) severe complication in the two groups were compared with patients with an abnormal ICG-R15 value who underwent minor resection.**Abbreviation:** IGC-R15, indocyanine green retention rate at 15 min.

Factors Predicting Abnormal ICG-R15 {#S0003-S2004}
-----------------------------------

Four variables, including BMI, chemotherapy cycles, oxaliplatin use and TBil value, which were significantly different between the two groups were included in multivariate logistic regression analyses, which revealed that BMI ≥28 and oxaliplatin use were independent preoperative factors predicting abnormal ICG-R15 ([Table 4](#T0004){ref-type="table"}).Table 4Multivariate Analysis of Clinical Factors Related to Abnormal ICG-R15 Value in Patients Receiving Preoperative Chemotherapy (n=179)FeaturesNumberRisk Ratio95% Confidence IntervalP-valueBMI (≥28/\<28)29/1502.8781.099--7.5380.031No. of chemotherapy cycles (\>3/≤3)72/1072.4300.954--6.1900.063Oxaliplatin-based chemotherapy (yes/no)131/484.5251.194--17.1430.026TBil (\>25/≤25 μmol/l)13/1662.8710.718--11.4850.136[^7]

Patients were classified into three groups according to the number of risk factors combined. The value was significantly higher in the two﻿-risk factors group compared with the no-risk factor group (P = 0.012), but not significantly different compared with the one risk factor group ([Figure 2](#F0002){ref-type="fig"}).Figure 2Comparison of the mean ICG-R15 value between patients with zero, one and two risk factors after chemotherapy.**Abbreviation:** IGC-R15, indocyanine green retention rate at 15 min.

Discussion {#S0004}
==========

The influence of chemotherapy-related liver injury needs to be evaluated accurately for safe hepatectomy. The traditional Child-Pugh score,[@CIT0015] which is a scoring system to measure liver function using five variables, including total bilirubin, serum albumin, international normalized ratio, ascites and hepatic encephalopathy, is not powerful enough in screening patients with chemotherapy-related liver injury, as most patients exhibit Child-Pugh grade A. The ICG-R15 is one of the most widely used hepatic function tests, which compensates for the shortcoming of general scores.[@CIT0006] Diagnosing chemotherapy-related liver injury requires liver biopsy or the so-called blue liver or yellow liver during surgery exploration; however, these are invasive methods and lag behind surgery planning. Hence, a noninvasive method that evaluates the hepatic functional reserve before hepatic resection in patients who received chemotherapy is of great importance.

The present study found that the ICG-R15 value was higher in patients who received chemotherapy compared with those who had not, which indicates that the ICG-R15 value may reflect chemotherapy-related hepatic injury. The pathological diagnosis of chemotherapy-related hepatic injury is based on pathological score, which only reflects structural changes, including sinusoidal pathological score and non-alcoholic fatty liver disease activity score.[@CIT0016] However, due to the diversity of the surgery timing after chemotherapy cessation and the difference in sampling parts of the normal liver tissue, the pathology score does not fully reflect the existence and degree of chemotherapy-related hepatic injury. For a normal liver, the ICG value is usually \<10%;[@CIT0017],[@CIT0018] thus, it is highly suggestive of the existence of chemotherapy-induced structural or functional abnormalities in the liver for ICG-R15 \>10%. So, the present study simply used the abnormal ICG-R15 value to represent the pathological chemotherapy-related hepatic injury.

The change of ICG-R15 values during chemotherapy cessation is much greater within 2-week after chemotherapy.[@CIT0019] Thus, the present study regularly performed the ICG test after 3--4 weeks of chemotherapy cessation, leaving sufficient time for hepatic function recovery. Therefore, if the ICG value remains abnormal after that period, the chemotherapy-induced liver injury exists and the risk of surgery may be increased. Thus, the maximum extent of hepatic parenchymal resection is lower for patients with damaged liver function than that of patients with normal hepatic reserve function. For safe hepatic resection, a relatively cautious attitude toward patients with abnormal ICG-R15 was taken, and only three patients underwent major hepatic resections, such as a right hepatectomy, with ICG-R15 values not much higher than 30%. The postoperative outcomes revealed that these patients' morbidity was not higher compared with that of the normal ICG-R15 group. Since the extent of hepatectomy and hepatic reserve function are the most important determinants of postoperative complication besides advances in hepatic surgical technique and perioperative care. We designed to divide the patients into four groups based on minor/major resection combined with normal or abnormal ICG-R15 value. However, no patients were categorized into major resection with abnormal ICG-R15 value group due to the limited number. The subgroup analysis shows that the incidence of severe complication in patients who underwent major resection with normal ICG-R15 value was increasing, which was significantly higher than patients with abnormal ICG-R15 value but underwent minor resection (P\<0.05). This indicated that the extent of hepatectomy has a greater impact on the severe postoperative complications compared with the liver reserve function. However, if patients with ICG abnormalities also underwent major hepatectomy, the results may be more serious, although it cannot be analyzed due to the limited number. Previous studies have shown that patients with abnormal ICG value who underwent major hepatic resection may experience postoperative liver failure or even a risk of mortality.[@CIT0020],[@CIT0021] No patients in the abnormal ICG-R15 group experienced severe complications, which may be due to the low proportion of major hepatectomy caused by the "whistling" effect of the ICG test in this group. Besides, a total of five patients with abnormal ICG-R15 value did not undergo hepatectomy (performed RFA or palliative chemotherapy instead) which was not included in the study during the same period, and three of them needed to perform major hepatectomy, which probably reduced the potential probabilities of serious complications in this group. Hence, a surgical plan based on the ICG index may avoid potential serious risks due to extensive hepatic resection.

Meanwhile, according to the Makuuchi criteria, only limited resection or enucleation of no more than one Couinaud's segmentectomy was deemed tolerable if the ICG-R15 is \>30%; however, three patients in the present study underwent safe hepatectomy with more than one Couinaud segment, but no more than three segments. As perioperative management improved and surgical technology matured, resection slightly beyond the Makuuchi standard became relatively safe in patients with chemotherapy-related injury. However, notably, whether patients can safely undergo a major resection with an ICG-R15 \>30% still needs further exploration with great caution. Recently, RFA has become a less invasive choice, which may be used to raise resection and survival rates.[@CIT0022],[@CIT0023] In our center, RFA was typically applied in deep tumors in order to avoid excessive removal of the normal parenchymal tissues irrespective of the ICG-R15 value. Since the extent of hepatic resection has a greater impact on complications, RFA may play an important role in "parenchymal-sparing hepatectomy", especially in patients with abnormal liver function. Hence, if a patient with ICG-R15 abnormality requires major resection, a minor resection combined with RFA could be considered.

As mentioned above, screening of patients with chemotherapy-related liver injury to avoid major resection may be helpful for performing a safe hepatectomy. The present study showed that a BMI ≥28 and oxaliplatin use were independent preoperative factors related to abnormal ICG-R15 in patients who received preoperative chemotherapy. Diabetes and obesity are known factors related to the fatty liver with metabolism reduction.[@CIT0024],[@CIT0025] It is therefore not surprising that BMI was an independent predictive factor for abnormal ICG-R15 in the present study. It has been reported that irinotecan is related to steatohepatitis and hepatic steatosis.[@CIT0009] Using irinotecan in the current study rarely led to ICG abnormality, and most patients with severely impaired ICG had associated oxaliplatin use, either alone or in combination with irinotecan. Oxaliplatin that leads to ICG-R15 abnormality has been reported in several studies,[@CIT0026],[@CIT0027] and the mechanism may be associated with hepatic lobule changes. Although irinotecan mostly resulted in hepatocellular changes, the hepatic reserve function was sufficient to compensate for the injured cell after a period of waiting; hence, the proportion of patients receiving irinotecan presenting with ICG abnormality was lower. In the present study, the subgroup of patients who had received oxaliplatin was further examined; however, bevacizumab use was not different between the two groups. The superiority of bevacizumab in protecting against chemotherapy-related liver injury was not observed in this group. A meta-analysis[@CIT0028] demonstrated that bevacizumab could reduce SOS and fibrosis induced by oxaliplatin; however, the mechanism still needs to be further investigated. How multiple cycles of chemotherapy lead to liver injury is easy to understand, and a previous study reported a significant increase in morbidity, which was likely associated with chemotherapy-related liver injury accumulation.[@CIT0029] However, in the present study, more than three cycles of chemotherapy did not reach a statistically significant difference in the multivariate analyses. The reason may be related to the number of cases included or because the chemotherapy cycle did not have as much effect as the other factors after sufficient time for liver injury recovery. In addition, the results showed that the mean TBil in the ICG-R15 abnormal group was higher than that in the ICG-R15 normal group, the reasons cannot be distinguished between the TBil interference with ICG test or the poor liver reserve function itself. However, under the condition that TBil ≤50 μmol/l, the multi-factor analysis showed that the increase of TBil was not an independent risk factor of abnormal ICG-R15 value, suggesting that the increase of TBil may only be a result of chemotherapy-related liver injury. Above all, the present study suggests that in clinical practice, special attention should be paid to the possible risk of liver injury when selecting chemotherapy regimens before surgery, particularly when using oxaliplatin in obese patients.

The present study also had several limitations due to the retrospective nature. A small number of patients with abnormal ICG-R15 who did not undergo hepatectomy because of tumor progression or were concerned about morbidity were not enrolled in the final analysis, which may have influenced the final results. In addition, the present study is a retrospective study; therefore, the SOS and NAFLD scores were not collected prospectively, which may limit the effectiveness of the results. Despite its limitations, this study provided more data in the field of preoperative evaluation of chemotherapy-related hepatic injury using the ICG test[@CIT0010]--[@CIT0012] and was helpful in chemotherapy regimen selection.

Conclusion {#S0005}
==========

Screening of patients with chemotherapy-associated liver injury using the IGC test may help in performing safe hepatectomy by avoiding major resection. And BMI ≥28 and oxaliplatin use were independent preoperative predictors of abnormal ICG-R15.
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[^1]: **Note:** Values are presented as mean±deviation or n (%).

[^2]: **Abbreviations:** BMI, body mass index; PT, prothrombin time; PTA, prothrombin time activity; Alb, albumin; ICG-R15, indocyanine green retention rate at 15 min; TBil, total bilirubin.

[^3]: **Note:** Values are presented as mean±deviation or n (%).

[^4]: **Abbreviations:** ICG-R15, indocyanine green retention rate at 15 min; BMI, body mass index; PT, prothrombin time; PTA, prothrombin time activity; Alb, albumin; TBil, total bilirubin.

[^5]: **Note:** Values are presented as mean±deviation or n (%).
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